Within the scope of Bianchi type-V I 0 space time we study the role of spinor field on the evolution of the Universe. It is found that the presence of nontrivial non-diagonal components of energy-momentum tensor of the spinor field plays vital role on the evolution of the Universe. As a result of their mutual influence the invariants constructed from the bilinear forms of the spinor field become trivial, thus giving rise to a massless and linear spinor field Lagrangian. This result shows that the spinor field is highly sensitive to the gravitational one.
I. INTRODUCTION
Thanks to its flexibility to simulate the different characteristics of matter from perfect fluid to dark energy and its ability to describe the different stages of the evolution of the Universe, spinor field has become quite popular among the cosmologists . But some recent study [22, 23] suggests that flexible though it is, the existence of non-diagonal components of the energymomentum tensor of the spinor field imposes very severe restrictions on the geometry of the Universe as well as on the spinor field, thus justifying our previous claim that spinor field is very sensitive to the gravitational one [24] .
In some recent papers [22, 23] within the scope of Bianchi type-I cosmological model the role of spinor field in the evolution of the Universe has been studied. It is found that due to the spinor affine connections the energy momentum tensor of the spinor field becomes non-diagonal, whereas the Einstein tensor is diagonal. This non-triviality of non-diagonal components of the energy-momentum tensor imposes some severe restrictions either on the spinor field or on the metric functions or on both of them. In case if the restrictions are imposed on the components of spinor field only, it becomes massless and invariants constructed from bilinear spinor forms also become trivial. Imposing restriction wholly on metric functions one obtains FRW model, while if the restrictions are imposed both on metric functions and spinor field components, the initially BI models becomes LRS BI model. These results motivate us to consider the other Bianchi models and study the influence of space-time geometry on the spinor field and vice versa.
A Bianchi type-V I 0 spacetime, which describes an anisotropic space-time and generate particular interest among physicists. Weaver [25] , Ibáñez et al. [26] , Socorro and Medina [27] , and Bali et al. [28] have studied B-V I 0 space-time in connection with massive strings. Recently, Belinchon [29] studied several cosmological models with B-V I 0 & III symmetries under the self similar approach. A spinor description of dark energy within the scope of a BV I 0 model was given in [30] . Bianchi type V I 0 space-time filled with dark energy was investigated in [31] .
In this paper we study the self-consistent system of nonlinear spinor field and gravitational one given by the Bianchi type V I 0 space-time in order to clarify the role of non-diagonal components of the energy-momentum tensor of spinor field in the evolution of the Universe.
II. BASIC EQUATION
Let us consider the case when the anisotropic space-time is filled with nonlinear spinor field. The corresponding action can be given by
Here L g corresponds to the gravitational field
where R is the scalar curvature, κ = 8πG, with G being Newton's gravitational constant and L sp is the spinor field Lagrangian.
A. Gravitational field
The gravitational field in our case is given by a Bianchi type-V I 0 anisotropic space time:
with a 1 , a 2 and a 3 being the functions of time only and m is some arbitrary constant. 3 .
The nonzero components of the Einstein tensor corresponding to the metric (2.4) are
6b)
6c)
B. Spinor field
For a spinor field ψ, the symmetry between ψ andψ appears to demand that one should choose the symmetrized Lagrangian [32] . Keeping this in mind we choose the spinor field Lagrangian as [5] :
where the nonlinear term F describes the self-interaction of a spinor field and can be presented as some arbitrary functions of invariants generated from the real bilinear forms of a spinor field. Since ψ and ψ ⋆ (complex conjugate of ψ) have four component each, one can construct 4 ×4 = 16 independent bilinear combinations. They are S =ψψ (scalar), (2.8a)
where σ µν = (ı/2)[γ µ γ ν − γ ν γ µ ]. Invariants, corresponding to the bilinear forms, are
9c)
According to the Fierz identity, among the five invariants only I and J are independent as all others can be expressed by them: I v = −I A = I + J and I Q = I − J. Therefore, we choose the nonlinear term F to be the function of I and J only, i.e., F = F(I, J), thus claiming that it describes the nonlinearity in its most general form. Indeed, without losing generality we can choose F = F(K), with K = {I, J, I + J, I − J}. Here ∇ µ is the covariant derivative of spinor field: 
where e a µ is a set of tetrad 4-vectors. For the metric (2.4) we choose the tetrad as follows: e
The Dirac matrices γ µ (x) of Bianchi type-V I 0 space-time are connected with those of Minkowski one as follows:
where σ i are the Pauli matrices:
Note that theγ and the σ matrices obey the following properties:
where η i j = {1, −1, −1, −1} is the diagonal matrix, δ jk is the Kronekar symbol and ε jkl is the totally antisymmetric matrix with ε 123 = +1. The spinor affine connection matrices Γ µ (x) are uniquely determined up to an additive multiple of the unit matrix by the equation
with the solution
From the Bianchi type-VI metric (2.15) one finds the following expressions for spinor affine connections:
Γ 0 = 0, (2.16a)
16c)
C. Field equations
Variation of (2.1) with respect to the metric function g µν gives the Einstein field equation
where R ν µ and R are the Ricci tensor and Ricci scalar, respectively. Here T ν µ is the energy momentum tensor of the spinor field.
Varying (2.7) with respect toψ(ψ) one finds the spinor field equations:
where we denote
In view of (2.18) can be rewritten as 19) where K = {I, J, I + J, I − J}. In what follows we consider the case when the spinor field depends on t only, i.e. ψ = ψ(t).
D. Energy momentum tensor of the spinor field
The energy-momentum tensor of the spinor field is given by
Then in view of (2.10) and (2.19) the energy-momentum tensor of the spinor field can be written as
As is seen from (2.21), in case if for a given metric Γ µ 's are different, there arise nontrivial nondiagonal components of the energy momentum tensor. After a little manipulations from (2.21) one finds the following components of the energy momentum tensor:
(2.22a) As one sees from (2.22) the spinor field possesses non-trivial of non-diagonal components of the energy momentum tensor.
III. SOLUTION TO THE FIELD EQUATIONS
In this section we solve the self consistent system of spinor and gravitational field equations. We begin with the spinor field equations and then solve the gravitational field equations. Finally we study the influence of the non-diagonal components of the energy momentum tensor on the components of the spinor field and metric functions.
A. Solution to the spinor field equation
Let us begin with the spinor field equations. In view of (2.10) and (2.16) the spinor field equation (2.18a) takes the form
We also define the volume scale
As we have already mentioned, ψ is a function of t only. We consider the 4-component spinor field given by
Denoting φ i = √ V ψ i from (3.1) for the spinor field we find we finḋ
The foregoing system of equations can be written in the form:
with φ = col (φ 1 , φ 2 , φ 3 , φ 4 ) and
It can be easily found that
The solution to the equation (3.5) can be written in the form
where
and φ (t 1 ) is the solution at t = t 1 , with t 1 being quite large, so that the volume scale V , hence the expanding Universe becomes large enough. As we have already shown, K = V 2 0 /V 2 for K = {J, I + J, I − J} with trivial spinor-mass and K = V 2 0 /V 2 for K = I for any spinor-mass. Since our Universe is expanding, the quantities D and G become trivial at large t = t 1 . Hence in case of K = I with non-trivial spinor-mass one can assume φ (t 1 ) = col (e −ımt 1 , e −ımt 1 , e ımt 1 , e ımt 1 ), whereas for other cases with trivial spinor-mass we have φ (t 1 ) = col φ 0 1 , φ 0 2 , φ 0 3 , φ 0 4 with φ 0 i being some constants. Here we have used the fact that Φ = m + D. The other way to solve the system (3.4) is given in [7] .
Saha B.
It can be shown that bilinear spinor forms (2.8) the obey the following system of equations:
where we denote F 0 = V F. Combining these equations together and taking the first integral one gets
B. Solution to the gravitational field equation
Now let us consider the Einstein field equations. In view of (2.6) and (2.22) with find the following system of Einstein Equations
with the additional constraints
From (3.12e) one dully finds a 2 = X 0 a 1 . (3.14) Let us now find expansion and shear for Bianchi type-V I 0 metric. The expansion is given by 15) and the shear is given by 17) where the projection vector P:
In comoving system we have u µ = (1, 0, 0, 0). In this case one finds
and
One then finds
Inserting (3.14) into (3.19) and (3.20) we find
As it was found in previous papers, due to explicit presence of a 3 in the Einstein equations, one needs some additional conditions. In an early work we propose two different situation, namely, set a 3 = √ V and a 3 = V which allowed us to obtain exact solutions for the metric functions. In a recent paper we imposed the proportionality condition, widely used in literature. Demanding that the expansion is proportion to a component of the shear tensor, namely
(3.24)
The motivation behind assuming this condition is explained with reference to Thorne [33] . The observations of the velocity-red-shift relation for extragalactic sources suggest that Hubble expansion of the universe is isotropic today within ≈ 30 per cent [34, 35] . To put more precisely, red-shift studies place the limit σ 25) on the ratio of shear σ to Hubble constant H in the neighborhood of our Galaxy today. Collins et al. [36] have pointed out that for spatially homogeneous metric, the normal congruence to the homogeneous hypersurfaces satisfies the condition σ θ is constant. Under this proportionality condition it was also found that the energy-momentum distribution of the model is strictly isotropic, which is absolutely true for our case.
Further on account of (3.2) we finally find
The equation for V can be found from the Einstein Equation (2.6) which after some manipulation looksV
In order to solve (3.27) we have to know the relation between K and V . Recalling that K = {I, J, I + J, I − J}, with D = 2SF K K I and G = 2PF K K J let us first find those relations for different K.
Case 1
In case of K = I, i.e. G = 0 from (3.10a) we finḋ 28) with the solution
In this case spinor field can be either massive or massless.
As far as case with K = {J, I +J, I −J} that gives K J = ±1 is concerned, we consider a massless spinor field.
Case 2
In case of K = J, Φ = D = 0. Then from (3.10b) we havė 30) with the solution
Case 3
In case of K = I + J the equations (3.10a) and (3.10b) can be rewritten aṡ
which can be rearranged as 33) with the solution
It should be noticed that in this case one can use the following parametrization for S and P:
Then from (3.32a) and (3.32b) one finds S and P, respectively. Here we like to note that for the case in concern one can consider the massive spinor field as well. In that case we haveṠ
which can be rearranged as
Further setting S = √ K sin θ and P = √ K cos θ Eq. (3.37) can be written as As one sees for massless spinor field from (3.40) follows K = l 2 1 /2V 2 , which is equivalent to (3.34) for V 2 0 = l 2 1 /2. Moreover, given the fact that sin 2m sp cos θt ∈ [−1, 1] for the massive spinor field K comes out to be a time varying quantity that has the range K ∈ [0, l 2 1 /V 2 ]. In our purpose we consider here only the massless spinor field.
Case 4
Finally, for K = I − J the equations (3.10a) and (3.10b) can be rewritten aṡ
In this case one can use the following parametrization for S and P:
Thus we see that K is a function of V . For the cases considered here we established that K = V 2 0 /V 2 . So one can easily consider the case when K = I = S 2 . In that case it is possible to study both massive and massless spinor field to clarify the role of spinor mass. Further inserting F(K) into (3.27) one finds the expression for V . One can further study the behavior of V numerically for different F. But before that let us first see what happens to the result obtained if the additional conditions are taken into account.
Influence of Additional conditions on the solutions
Thus, until this point we have only used the Einstein system of equations without the additional conditions (3.13) . In what follows we turn to them and see how these conditions effect our solutions.
From (3.13a) and (3.13b) one dully finds In view of (3.45) the relations (3.13d) and (3.13e) fulfill even without imposing restrictions on the metric functions. On account of (3.12e) from (3.13c) one finds
Then from the equality v µ A µ = 0 one also finds A 3 = 0. Hence in this case we find A µ = 0, which ultimately leads to S = 0 and P = 0, i.e., in this case the spinor field nonlinearity vanishes as well as the mass term [23] . Thus we see that in the case considered here the initially massive, nonlinear spinor field becomes linear and massless as a result of special geometry of the Bianchi type-V I 0 space-time, which is equivalent to solving the corresponding Einstein equation in vacuum.
